Abstract. The aim of the present study was to investigate the protective effect of the NADPH oxidase inhibitor, diphenyleneiodonium (DPI) against necroptosis in renal tubular epithelial cells. A necroptosis model of HK-2 cells was established using tumor necrosis factor-α, benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone and antimycin A (collectively termed TZA), as in our previous research. The necroptosis inhibitor, necrostatin-1 (Nec-1) or the NADPH oxidase inhibitor, DPI were administered to the necroptosis model. Production of reactive oxygen species (ROS) was detected by dichlorodihydrofluorescein diacetate in the different groups, and the manner of cell death was identified by flow cytometry. Western blot analysis was used to determine the levels of phosphorylation of receptor-interacting protein kinase 3 (RIP-3) and mixed lineage kinase domain-like (MLKL), which are essential to necroptosis. The results revealed that TZA increased the percentages of propidium iodide-positive HK-2 cells from 1.22±0.69 to 8.98±0.73% (P<0.001), and augmented the phosphorylation of RIP-3 and MLKL. ROS levels were increased in the TZA group compared with the control group (27.74±1. 
Introduction
Acute kidney injury (AKI) is a common clinical syndrome that is characterized by the rapid loss of kidney function and abrupt kidney damage. It is associated with high morbidity and mortality worldwide (1) . Acute tubular necrosis (ATN) is the most common and severe pathological manifestation of AKI. Although necrosis has long been considered to be unregulated, previous studies have revealed various types of regulated necrosis that are independent of caspase activities (2) . Necroptosis is an important type of regulated necrosis and is involved in various pathological conditions (3) (4) (5) (6) (7) . Receptor-interacting protein kinase (RIP)-1 receives signals from various death stimuli, and subsequently recruits RIP-3 via RIP homotypic interaction motif domain-mediated interactions and promotes RIP-3 phosphorylation (8, 9) . Phosphorylated RIP-3 mediates the phosphorylation of mixed-lineage kinase domain-like (MLKL), ultimately leading to rupture of the plasma membrane (7) . Previous studies have identified necroptosis in ATN induced by various stimuli, including ischemia/reperfusion, contrast medium and cisplatin (10) (11) (12) . RIP-1 inhibition by necrostatin-1 (Nec-1), or knockout of RIP-3 or MLKL all prevent ATN (10) (11) (12) .
Reactive oxygen species (ROS) promote necroptosis in cardiomyocytes, liver cells, Jurkat cells and lung adenoma cells (13) (14) (15) (16) . However, the effect of ROS on the necroptosis of renal tubular epithelium remains unknown. The present study hypothesized that excessive ROS production may promote necroptosis in HK-2 human kidney cells. Diphenyleneiodonium (DPI), an NADPH oxidase inhibitor, has been demonstrated to reduce ROS production and exert a protective role in numerous cell types (17) (18) (19) (20) . Cell treatment. Cells were divided into four groups as follows: i) Control group, cells were maintained in DMEM/F12 supplemented with 10% FBS for 2 h; ii) tumor necrosis factor-α (TNF-α), benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk) and antimycin A group [TZA group; HK-2 cells were treated with 10 ng/ml TNF-α (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and 50 µM z-VAD-fmk (Sigma-Aldrich; Merck KGaA) for 2 h, and with 10 µM antimycin A (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 h], as described in our previous study (20) ; iii) TNF-α, z-VAD-fmk, antimycin A and Nec-1 group [TZA + Nec-1 group; cells were pretreated with 50 µM of Nec-1 (Sigma-Aldrich; Merck KGaA) for 6 h, and continuously treated with 10 ng/ml TNF-α and 50 µM z-VAD-fmk for 2 h, and with 10 μM antimycin A for 1 h]; and iv) TNF-α, z-VAD-fmk, antimycin A and DPI group [TZA + DPI group; cells were pretreated with 500 µM of DPI (Santa Cruz Biotechnology, Inc.) for 6 h, and continuously treated with 10 ng/ml TNF-α and 50 µM z-VAD-fmk for 2 h, and with 10 µM antimycin A for 1 h].
Materials and methods
ROS measurements. ROS content was quantified using an ROS assay kit (cat. no. S0033; Beyotime Institute of Biotechnology, Shanghai, China). The cells were harvested using trypsin (cat. no. 25300054; Thermo Fisher Scientific, Inc.) and washed with PBS. The harvested cells were exposed to 10 µM 2' ,7'-dichlorodihydrofluorescein diacetate (DCFH-DA) for 20 min at 37˚C, and the labeled cells were washed twice in PBS and subjected to flow cytometry (Beckman Coulter, Inc., Brea, CA, USA) for ROS detection using the 488 nm laser for excitation and detected at 535 nm. The ROS level was represented by the median fluorescence intensity.
Western blot analysis. HK-2 cells subjected to the different experimental conditions were lysed in radioimmunoprecipitation assay lysis buffer (cat. no. P0013B; Beyotime Institute of Biotechnology). The total protein concentration from the resultant supernatant was determined using a Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific, Inc. adjusted to 1x10 6 /ml, and 400 µl cell suspensions were added to 5-ml centrifuge tubes, followed by the addition of 1.25 µl Annexin V-FITC. Cells were incubated for 30 min at room temperature and centrifuged at 1,000 x g for 3 min at room temperature. Following resuspension in 400 µl 1X binding buffer, 5 ml PI was added to each cell suspension and incubated for 5 min in the dark at 2-8˚C. The rates of necrosis and apoptosis of the HK-2 cells were analyzed by flow cytometry (Beckman Coulter, Inc., Brea, CA, USA).
Statistical analysis.
All values are expressed as the mean ± standard deviation. Multiple comparisons among the groups were conducted by one-way ANOVA followed by a least significant difference multiple comparison test. All statistical analyses were performed using SPSS software (version 21.0; IBM SPSS, Armonk, NY, USA), with P<0.05 considered to indicate a statistically significant difference. As RIP-3 and MLKL are essential for the necroptosis pathway, the phosphorylation of RIP-3 (p-RIP-3) and MLKL (p-MLKL) were assessed by western blotting to confirm that the observed cell death was by necroptosis. p-RIP-3 and p-MLKL expression levels were elevated in the TZA group, and Nec-1 reversed the increased p-RIP-3 and p-MLKL expression levels (Fig. 2) . These results indicate that the cell death induced by TZA is necroptosis.
Results

Construction and validation of the necroptosis model in HK-
ROS production is augmented in TZA-induced HK-2 necroptosis.
Total ROS production, as measured by DCFH-DA fluorescence intensity (Fig. 3) , was increased in the TZA group TZA increased ROS production in the HK-2 cells, whereas Nec-1 and DPI each inhibited ROS production. ROS, reactive oxygen species; TZA, tumor necrosis factor-α + z-VAD-fmk + antimycin A; Nec-1, necrostatin-1; DPI, diphenyleneiodonium; DCFH-DA, dichlorodihydrofluorescein diacetate. compared with the control group (29.4x10 4 vs. 17.5x10 4 ). Additionally, the increase in ROS generation could be reversed by Nec-1 treatment (22.6x10 4 ). Thus, it was concluded that ROS production increases in HK-2 cells undergoing TZA-induced necroptosis.
NADPH oxidase inhibitor, DPI protects against necroptosis via inhibition of ROS production.
To determine the effect of the NADPH oxidase inhibitor, DPI on necroptosis in HK-2 cells, DPI was administered to the TZA-induced necroptosis cell model. DPI inhibited ROS generation in the TZA-induced necroptosis (TZA + DPI group, 21.1x10 4 vs. TZA group, 29.4x10 4 ; Fig. 3 ) and ameliorated TZA-induced necrosis (PI-positive cells: TZA + DPI group, 4.40±1.51% vs. TZA group, 8.98±0.73%; P<0.001; Fig. 1 ). In addition, p-RIP-3 and p-MLKL levels were decreased by DPI pre-treatment (Fig. 2) . These results indicate that the NADPH oxidase inhibitor, DPI may reduce ROS production in HK-2 cells and prevent HK-2 cell necroptosis.
Discussion
AKI caused by ATN is a common clinical syndrome with high rates of morbidity and mortality (1) . Although necrosis used to be considered as an unregulated form of cell death, necroptosis, a type of regulated necrosis, has been identified in ATN, as well as in drug-induced liver injury and ischemic brain injury (10) (11) (12) . Mechanistically, RIP-1 phosphorylates RIP-3 and forms a necrosome (8, 9) . Subsequently, the necrosome phosphorylates MLKL, resulting in necroptosis in various types of cells (7, 21) . Inhibition of RIP-1 by Nec-1 and knockout of RIP-3 or MLKL prevents ATN in response to various stimuli, such as cisplatin, sepsis and ischemia/reperfusion injury (10) (11) (12) .
ROS are chemically reactive species containing oxygen, including peroxides, superoxides, hydroxyl radicals and singlet oxygen. Although ROS are formed as a natural byproduct of the normal metabolism of oxygen, and have important roles in cell signaling and homeostasis in biological conditions, excessive ROS are detrimental. Various studies have demonstrated that excessive ROS promotes necroptosis in various cell types, whereas inhibiting ROS production reduces necroptosis (13) (14) (15) (16) . In addition, previous studies revealed that ROS production is augmented in AKI, and that ROS lead to renal tubular epithelium injury via inflammasome activation, mitochondrion damage and tubular epithelium apoptosis (22) (23) (24) (25) . To the best of our knowledge, there are no studies that have investigated the effect of ROS on necroptosis in renal tubular epithelium. The current study hypothesized that excessive ROS may promote necroptosis in HK-2 cells, and that DPI may reduce ROS production and thus exert a protective role against necroptosis in HK-2 cells.
A necroptosis model in HK-2 cells, established in our previous study, was validated in the present study, and revealed that ROS production increased in HK-2 cells undergoing necroptosis induced by TZA. Nec-1, a necroptosis inhibitor decreased ROS production in necroptosis. Similarly, pre-treatment of HK-2 cells with DPI, an NADPH oxidase inhibitor, decreased ROS generation, and ameliorated TZA-induced necroptosis, and attenuated p-RIP-3 and p-MLKL expression levels.
In conclusion, the results of the current study indicate that excessive ROS levels augment HK-2 cell necroptosis and that DPI may protect HK-2 cells against necroptosis by inhibiting ROS generation. Currently, the mechanism underlying precisely how ROS participates in necroptosis remains unclear. The molecular mechanism of ROS-mediated necroptosis was not investigated in the present study and further investigations of this in the renal tubular epithelium are required. Further research may provide a novel therapeutic strategy for the treatment of AKI.
